We investigated the area and volume effects on the breakdown strength in liquid helium and liquid nitrogen, and also carried out the statistical analysis using the Weibull distribution. From the experimental results, we quantified the area and volume effects in cryogenic liquids over a wide range of the stressed electrode area (SEA) from 10-1 to 105 mm2 and the stressed liquid volume (SLV) from 10-2 to 105 mm3. Moreover, we examined the electrical insulation design of cryogenic liquids including the area effect and the volume effect and proposed the fundamental flow chart for the practical insulation of superconducting power apparatus. Finally, we pointed out that the stress level and the V-t characteristics should be estimated with considering the peculiar phenomena arising from the cryogenic environments such as the thermal bubble behavior and the quench-induced dynamic breakdown and so on.
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Introduction
Superconducting power transmission is a breakthrough technology which can realize an epoch making power transmission of higher density and larger capacity than those of conventional technologies. In order to realize the superconducting electric power system, it is necessary to establish the electrical insulation technique in cryogenic liquids [1, 2] which are used not only as a coolant but also as an insulating material. While, the electrical insulation technique at cryogenic temperatures inevitably faces complicated problems. Therefore, most part of data on electrical breakdown of cryogenic liquids have been obtained under limited experimental conditions. Thus, it is important to obtain data available for practical insulation of the superconducting power apparatus [3] [4] [5] .
It is well known that the area and volume effects of SF6 gas or transformer oil have been statistically taken into account in the practical electrical insulation design of gas insulated switchgears (GIS) or power transformers [6, 7] . However, little attempt has been made to study on the practical HV insulation for the superconducting apparatus using cryogenic liquids. From this point of view, we have been investigating the area and volume effects on the electrical breakdown strength in liquid helium (LHe) and liquid nitrogen (LN2).
We have statistically examined the area and volume effects on the breakdown strength in LN2 using the Weibull distribution [8, 9] . Figure 2 shows the ac breakdown voltages (Vb) in LHe and LN2 as a function of the sphere diameter for the SP-electrode configuration with g=l mm. Error bars in this figure represent the standard deviation of measured breakdown voltages. It is obvious that Vb in LHe is lower than that in LN2. Moreover, Vb in LHe and LN2 decreases as the sphere diameter increases beyond 20 mm, though the electric field distribution becomes more uniform. Thus, it is found that the area and volume effects may appear in the Vb in LHe and LN2. Therefore, we will carry out statistical analysis of the experimental results using the Weibull distribution to look into the area and volume effects on the breakdown strength in cryogenic liquids.
Weibull Statistical Analysis
The breakdown probability p of the Weibull distribution for the electric field strength E is given by
•¬ (1) where m is the shape parameter, and El is the scale parameter. Figure 3 shows the Weibull plots of the ac breakdown strength Eb in cryogenic liquids for the SP electrode configuration with d=50mm, g=1.0mm. It is seen from this figure that the Weibull plots of Eb in LHe and LN2 give straight lines. Similar results as those given in Fig.3 were obtained for positive and negative dc voltage applications. These results indicate that the Weibull distribution can be well applied to the breakdown strength in cryogenic liquids. Note that SEA and SLV of CC-electrode are much larger than those of SP-electrode. Thus, it is reasonable that CC electrode has more weak points than SP-electrode, leading to higher breakdown probability with a consequence of the reduction of El and the breakdown scattering as well. 
Area and Volume Effects of Cryogenic Liquids
For the estimation of SEA and SLV, we have introduced the statistical stressed electrode area (SSEA) and the statistical stressed liquid volume (SSLV) using the Weibull distribution, These statistical parameters are calculated by integrating the area and volume unit multiplied by the relative breakdown probability over the whole area and volume, respectively, considering the calculated electric field distribution [9] . In the present paper, we also investigate the area and volume effects on breakdown strength using SSEA and SSLV. Figure 5 shows the ac breakdown strength Eb(LHe) in LHe and Eb(LN2) in LN2 as a function of SSEA and SSLV, respectively. It is clear from Fig.5 that both Eb(LHe) and Eb(LN2) linearly decrease along with SSEA and SSLV in the log-log scale. Thus, these results indicate the existence of the area and volume effects on the breakdown strength in LHe and LN2 over the wide range of SSEA and SSLV. Moreover, in these figures, solid and dotted lines represent the measured results fitted by the least squares method in LHe and LN2, respectively. Equations of the approximate lines are shown in those figures. At present, we measured the breakdown strength for the wide range of SSEA and SSLV up to 105 mm2 and to 105 mm3, respectively. However, Many researchers have reported breakdown characteristics in cryogenic liquids using a variety of electrode configurations. In this section, we take other researchers' data into our study and systematized the area and volume effects in LHe and LN2. Table 1 lists the experimental conditions for other researcher's results [10] [11] [12] [13] [14] [15] [16] [17] ; the used electrode configurations are plane-to-plane, sphere-to-plane, sphere-to-sphere and coaxial cylindrical electrodes. We carried out the electric field calculation by charge simulation method for these electrode configurations and dimensions listed in Table 1 , and calculated 75%SEA and 75%SLV for LHe or 82%SEA and 82%SLV for LN2, respectively, according to the discussion in the previous section. Figure 9 shows the ac breakdown strength Eb(LHe) in LHe as a function of SEA and SLV. Note that we applied SSEA and SSLV in Fig.5 for data by the authors. Figure 10 shows the ac breakdown strength Eb(LN2) in LN2 as a function of SEA and SLV. It is found from Figs.9 and 10 that data by the authors and other researchers can be cooperatively plotted on the same lines for both LHe and LN2. In other words, other researchers' data could bridge the data for It is necessary to consider many factors including the area and volume effects for HV insulation design of the superconducting apparatus using cryogenic liquids. The factors are given as follows.
(1) Stress level : As seen in section 3.4, SEA and SLV where the electric field exceeds 75% of Erg for LHe and 82% for LN2 should be considered; these values correspond to larger area and volume compared with conventional SF6 gas or transformer oil. (2) Area and volume effects : As shown in Figs.9 and 10, and Eqs. (2) - (5), the breakdown strength in LHe and LN2 should be discussed with the area and volume effects. Figure 11 shows a flow chart for the HV insulation design of superconducting apparatus by cryogenic liquids taking into account the factor in the previous subsection. At first, the electric field calculation is carried out for the specification of apparatus (electrode configuration, gap length and so on). Next, in part (a) in Fig. 11 , a breakdown stress level is evaluated from the area and volume effects, together with the creepage discharge characteristics of cryogenic liquids. In part (b) in Fig. 11 , the V-t characteristics are considered. For the practical electrical insulation, it is necessary to examine the peculiar factors for cryogenic liquids as listed in part (c) besides the area and volume effects, the V-t characteristics and so on. For the breakdown stress level evaluated from the peculiar considerations for cryogenic liquids, some sort of coordination with system condition should be considered. Moreover, the breakdown margin should be determined from the breakdown scattering. The procedure falls in part (d) in Fig. 11 . Note that the breakdown scattering can be estimated by the Weibull shape parameter m. As shown in Fig.4 (a) , m for SP-electrode is smaller than that for CCelectrode in both LHe and LN2, since it may be affected by the electric field distribution and the breakdown stress level and so on. Thus, one needs to consider the breakdown margin by understanding the dependence of .m on the electric field level and the distribution. From the above discussion in Fig.11 , the breakdown stress level of cryogenic liquids may be determined for the HV insulation of superconducting power apparatus.
Conclusions
The area and volume effects on the breakdown strength in LHe and LN2 were investigated statistically using the Weibull distribution over a wide range of the stressed electrode area (SEA) from 10-1 to 105 mm2 and the stressed liquid volume (SLV) from 10-2 to 105 mm3. Moreover, we examined the HV insulation of the superconducting power apparatus including the area and volume effects of cryogenic liquids. The results are summarized as follows.
(1) An attempt was made to estimate how much percentage of the maximum electric field strength should be considered for designing electrical insulation. Consequently, SEA and SLV where the electric field exceeds 75% and 82% of the maximum electric field strength was found to be applied for LHe and LN2, respectively. (2) We took other researchers' data into our study, and discussed the area and volume effects in LHe and LN2. From these results, we found the area and volume effects on the breakdown strength in cryogenic liquids existed over 6 -7 orders of SEA and SLV. (3) We proposed the fundamental flow chart for the HV insulation of superconducting power apparatus. The stress level viewed from the area and volume effects and the V-t characteristics should be estimated with considering the phenomena arising from the cryogenic environments such as the thermal bubble behavior and the quench-induced dynamic breakdown and so on.
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